cNkx2-8 represents a novel member of the NK2-family of transcription factors. The gene contains three highly conserved regions, the TN-, NK2-, and homeodomains which are diagnostic for this group of proteins, cNkx2-8 is expressed during chick embryogenesis in ventral foregut endoderm, myocardial mesoderm, epithelium of the branchial arches and the dorsal mesocardium. While cNkx2-8 expression partially overlaps with other NK genes, such as Nkx2-5 and Nkx2-3, its onset and aspects of its expression domains are specific. Thus, structural data and the expression profile suggest that cNkx2-8 constitutes a new homeobox protein which may cooperate with its known relatives in defining an antero-ventral field including the developing heart and pharyngeal endoderm. © 1997 Elsevier Science Ireland Ltd.
Introduction
Homeodomain transcription factors are important regulators of regional specification, cell fate determination and organ morphogenesis during embryonic development of invertebrates and vertebrates. The NK-type genes encode a subclass of homeobox-containing proteins which have been identified in many distantly related species ranging from Drosophila to man. The Drosophila gene tinman may serve as the prototype, as it has been shown to play a critical role for the formation of the dorsal vessel, the fly homologue of the vertebrate heart. Tinman null mutant flies completely lack the dorsal vessel and show some additional defects in mesoderm-derived structures (Bodmer, 1993) . In vertebrates such as zebrafish, Xenopus, chicken, and mouse, the gene Nkx2-5 is expressed in heart primordia and the developing heart, and may constitute the tinman homologue in these organisms (Harvey, 1996) . However evidence for a key role of Nkx2-5 in the specification of myocardial cells could not be demonstrated in mice carrying an inactivating targeted Nkx2-5 mutation. Homozygous mutant mice develop the linear heart tube which fails to undergo the * Corresponding author. Tel.: +49 531 3915735; fax: +49 531 3918178; e-maih arnold@ alpha.bio.nat.tu-bs.de looping process and subsequent developmental steps (Lyons et al., 1995) . In contrast to Drosophila tinman mutants, the initial formation of precardiac mesoderm and the differentiation to myocardial cells is apparently not affected by the Nkx2-5 mutation in mice. Other related homeodomain proteins expressed during early heart development may substitute for Nkx2-5 with overlapping and partly redundant functions within the framework of combinatorial actions exerted by the homeodomain transcription factors. Indeed, a family of NK2-type genes has been identified and some of them are transcribed during heart development (Harvey, 1996) . The NKx2-3 genes of frog and chicken have been shown to be expressed in myocardial cells, although transcription in chicken seems to start later than in frog (Evans et al., 1995; Buchberger et al., 1996) . The mouse and fish Nkx2-3 genes appear to be transcribed in mid-and hindgut mesoderm but not in the heart (Lee et al., 1996; Pabst et al., 1997) . Nkx2.7, another related homeodomain gene, has been isolated from zebrafish and shown to be activated in heart-forming regions even prior to Nkx2-5 (Lee et al., 1996) .
In vertebrate embryos the heart is the first organ to be formed. It develops from the earliest embryonic mesoderm when the primitive streak has reached its full extension (DeHaan, 1965 ally located on both sides of the rostral primitive streak migrate anteriorly and fuse at the midline to form precardiac mesoderm. Subsequently, this structure is translocated ventrally and associates with the anterior intestinal portal. Initially, two heart primordia are formed which fuse to the linear heart tube in rostro-caudal direction. Heart morphogenesis follows including rightward looping, chamber formation, and the development of the truncus arteriosus and the sinus venosus (Olson and Srivastava, 1996) .
Here, we report the identification of a novel member of the NK gene family. The cNkx2-8 gene is first expressed at HH stage 6 in the prospective foregut endoderm forming a crescent around the head process. It is transiently expressed in myocardial mesoderm between HH stages 8 and 11 of chicken development and also in the adjacent foregut endoderm. cNkx2-8 transcripts are also present in ectodermally derived epithelium of the branchial arches and mesocardium. This pattern of gene activity suggests that cNkx2-8 may play a role in the development of antero-ventral structures, such as the heart and pharynx.
Results and discussion

cNkx2-8 is a novel member of the NK-2 homeobox gene family
The cNkx2-8 cDNA clone has been isolated from a stage 8 chicken embryo library using a homeobox probe isolated by PCR using degenerated primers derived from conserved homeobox sequences. Sequence analysis reveals an open reading frame of 193 amino acids encompassing the typical NK-2 homeobox with 92% identity to homeodomains of the vertebrate Nkx2-5 genes (Fig. 1A,B) . The cNkx2-8 homeodomain is also closely related (ca. 90% identity) to the respective regions of chicken, Xenopus, and mouse Nkx2-3 genes as well as to the zebrafish Nkx2.7 gene (Fig. IC) . Typical for NK-2 homeodomains, the Nkx2-8 gene contains the conserved tyrosine at residue 54 within the homeobox, but differs in at least five amino acids of helix 1 and 2 (Fig.  1C) . A distinctive feature of cNkx2-8 is a leucine in helix 2; all other NK2 genes but tinman have a proline at this position. While the sequence comparison clearly identifies cNkx2-8 as a member of the NK-2 family, it also indicates that it is equally distantly related to all known NK-2 genes and does not constitute a true orthologue (Fig. 1B) . Hence we designated the novel gene cNkx2-8. The NK-2 domain located at a characteristic distance downstream of the homeof Development 64 (1997) [53] [54] [55] [56] [57] [58] [59] 55 odomain and the TN domain near the N-terminus are additional identifying features of the NK-2 gene family (Harvey, 1996) . These domains are also present in cNkx2-8 with extensive sequence homologies to other family members (Fig. 1D,E) . The C-terminal GIRAW motif found in all Nkx2-3 and Nkx2-5 genes is not present in cNkx2-8. Taken together, the sequence data identify cNkx2-8 as a novel member of the NK-2 family of homeodomain genes.
cNkx2-8 expression during chicken development
First cNkx2-8 transcripts were detected by in situ hybridization of whole-mounted chicken embryos at HH stage 6. The expression domain is seen around the anterior intestinal portal in foregut endoderm which constitutes the prospective pharyngeal floor ( Fig. 2A) . Labelling in the prospective pharyngeal endoderm appears to be asymmetric and stronger on the right than the left side. In HH stage 8 embryos with four somites cNkx2-8 is still expressed in the foregut endoderm ( Fig. 2B and Fig. 3A,B) . At HH stage 9, both the foregut and the forming myocardium express Nkx2-8, whereas the endocardium does not ( Fig. 2C and Fig. 3C ). At HH stage 9-10 a complex myocardial pattern of cNkx2-8 expression emerges. Expression is particularly strong in the sino-atrial region, and appears asymmetrical with more intense staining on the right site of the tubular heart ( Fig. 2C and Fig. 3D,E) . This biased expression remains visible up to HH stage 11 when cNkx2-8 transcripts begin to disappear from the heart (Fig. 2D and Fig. 3F ). At HH stage 12 cNkx2-8 expression is no longer detectable in the heart (Fig. 2E and Fig. 3G,H) . Early in development Nkx2-8 is homogenously expressed in the ventral pharyngeal endoderm. Upon lateral elongation of the pharynx the pharyngeal floor progressively loses its cNkx2-8 expression, whereas strong expression persists in the pharyngeal pouches and branchial arch ectoderm ( Fig. 2E and Fig. 3G,H) . At HH stage 18 cNkx2-8 is strongly expressed in the second and third branchial arches with considerably lower expression in the first branchial arch (Fig. 2F and Fig. 3K ). In these structures cNkx2-8 transcripts are restricted to the epithelium and are not found in arch mesenchyme. One also observes strong cNkx2-8 activity in dorsal mesocardium (Fig. 2F and Fig.  3I ). The branchial arches remain positive for cNkx2-8 until at least HH stage 20. Later stage embryos have not been analyzed. Taken together, the embryonic expression pattern of cNkx2-8 suggests that the gene may play a role in early steps of heart and pharynx development as well as in patterning of the branchial arches. At least two other NK2-type genes are also expressed in the developing chicken heart (Schultheiss et al., 1995; Buchberger et al., 1996) . Nkx2-5 has been reported to start its expression at HH stage 5 in a crescent anterior to the head process extending to the lateral plate on both sides (Schultheiss et al., 1995) . It continues to be expressed in precardiac mesoderm and in the myocardium of the heart where it persists into the postnatal period. Thus, the onset of Nkx2-5 transcription is clearly prior to cNkx2-8 expression and it also continues to later stages of development. In contrast to cNkx2-8, Nkx2-5 is never expressed in the pharyngeal pouches and branchial arch epithelium. We recently reported that cNkx2-3 is also expressed in the developing heart, gut, and branchial arches of chicken embryos (Buchberger et al., 1996) . As for Nkx2-5, we observed persisting myoc.ardial expression of cNkx2-3, but transcription started only in the forming heart tubes and has not been detected in precardiac mesoderm. Thus, the spatio-temporal expression of cNkx2-8, albeit overlapping with the two other known chicken genes, is clearly distinct and supports the notion of a novel chicken homologue.
It is also noteworthy that Nkx2-5 is evenly expressed throughout the heart tube, while the cNkx2-8 expression pattern seems more regionally restricted. We noted cNkx2-8 to be concentrated in the posterior part of the heart, while transcript levels are lower in the ventral half of the tubular heart. The strong expression of cNkx2-8 in the sino-atrial region may prefigure the subdivision of the early heart into atrial and ventricular compartments. Atrial cNkx2-8 expression might be important for the upregulation of the atrial-specific myosin heavy chain isoform AMHC-1 as the expression domains seem to coincide (Yutzey et al., 1994) . In addition, we noticed that cNkx2-8 displayed laterality. Even at stage 6, the earliest time that we were able to detect cNkx2-8 transcripts, an uneven distribution was seen in the pharyngeal endoderm. Signaling components of the left-right polarity including shh, nodal, and lefty have been identified recently; however, cNkx2-8 represents the first transcription factor expressed in the cardiogenic region with a lateral bias (Levin et al., 1995; Collignon et al., 1996; Lowe et al., 1996; Meno et al., 1996) . Using surgical grafts, Hoyle et al. (1992) demonstrated that precardiac left/ right identity is committed by stage 6, and that the right side receives the lateral signal. It is of interest to note that Nkx2-5 knockout mice display cardiac defects at the time when cNkx2-8 expression is downregulated from the myocardium, resulting in defective looping (Lyons et al., 1995) . Whether cNkx2-8 mediates lateral regionalization of the myocardium or represents a response to laterality signals remains to be determined.
The inductive role of anterior endoderm upon precardiac mesoderm is well established in vertebrates (Jacobson and Sater, 1988; Nascone and Merc01a, 1995; Schultheiss et al., 1995) . Evidence has accumulated that foregut endoderm is not only important for primary induction but also supports further steps in myocardial differentiation such as myocardial cytodifferentiation, tubular heart formation, and the development of contractile activity (Lemanski et al., 1979; Gannon and Bader, 1995; Nascone and Mercola, 1996) . Whereas cNkx2-8 is expressed too late to be involved in primary cardiac induction, its pattern of expression is compatible with a function in later steps of myocardial development.
It will be interesting to define the different and specific functions of the various NK genes as well as their possible cooperativity in heart and gut development.
Material and methods
Cloning, library screening and sequencing of cNKX2-8
Degenerate primers A and B were directed at homeobox domains that are highly conserved at the amino acid level in cloned vertebrate Nkx genes: primer A (amino acids . cNkx2-8 expression is detected in the branchial arches and the dorsal mesocardium, alp, anterior intestinal portal; ba, branchial arches; cm, cardiac mesoderm; din, dorsal mesocard; n, node; pp, pharyngeal pouches; h, heart; sv, sinus venosus. ; two consecutive sections illustrate cNkx2-8 transcripts in the pharyngeal floor (G) and pharyngeal pouches (H), while expression in the heart has faded. (I,K) Stage 18; cNkx2-8 is strongly expressed in the dorsal mesocardium (I) and epithelium of second and third branchial arch (K). There is weak expression at the posterior margin of the first branchial arch as well as in the pharyngeal endoderm, alp, anterior intestinal portal; ba, branchial arches; br, brain; din, dorsal mesocardium; ec, endocardium; f, foregut; ht, heart tube; pf, pharyngeal floor; pp, pharyngeal pouches; p, pharynx; nf, neural fold; nt, neural tube; nc, notochord; sv, sinus venosus.
Polymerase chain reaction (PCR) was carried out in a volume of 50/zl, using PCR buffer (Promega, Heidelberg), 2.5 U of Taq polymerase (Promega, Heidelberg), 200/zM each dNTP (Boehringer-Mannheim), 50 pmol primer A and B, and 2.5 /zl template (1/40 of the RT reaction). The homeobox fragments were amplified using the following conditions: (1) initial denaturation at 95°C for 5 min; (2) addition of Taq polymerase in 'hot start'; (3) 40 cycles of: denaturation at 94°C, annealing at 55°C, and extension at 72°C each for 1 min; (4) final extension at 74°C for 10 min. PCR products of the expected size (120 bp) were gel purified and ligated into T-vector (Promega, Heidelberg). Thirty clones were sequenced and contained, among other homeobox sequences including cNkx-2.5 and Nkx-2.3, eight clones with a novel Nkx-like homeobox sequence.
The cNkx2-8 PCR insert was labelled with [3Zp]c~-dCTP using random priming and labelled probe was used to screen approximately 1.5 x 106 plaques of a stage 17-18 chicken heart Uni Zap XR cDNA library (Stratagene, Heidelberg). Eight positive clones were identified and excised using helper phage as Bluescript II SK -plasmids (Stratagene, Heidelberg). Agarose gel electrophoresis revealed that the clones had inserts of 0.9 and 2.1 kb. Partial sequence analysis revealed that only the 0.9 kb clone had a poly(A) tail but was incomplete at the 5' end. A 1.1 kb full length clone was obtained after screening a stage 8 chick embryo XZaplI cDNA library. The clone was sequenced in its entirety in both directions using standard didesoxy methodology. The sequence of the cDNA clone has been submitted to the EMBL Database, accession number 11949.
Alignments and dendogrammatic representations of the sequence relationships between cNkx2-8 and other members of the Nkx homeobox family was created by pairwise alignment of sequences using the Pile-up program of the Wisconsin/GCG suite of programs.
Whole mount in situ hybridization
Chick embryos were staged according to Hamburger and Hamilton (1951) and fixed with 4% paraformaldehyde at 4°C overnight. Whole mount in situ hybridization of chicken embryos was performed as described previously (Bober et al., 1994 ). An 800 bp riboprobe encoding homeobox and 3" end of cNkx2-8 was labelled with digoxigenin-11-UTP (Boehringer Mannheim). After color development was complete embryos were refixed in 4% paraformaldehyde. Embryos to be sectioned were infiltrated overnight in 15% sucrose in PBS at 4°C, and then embedded in 15% sucrose, 7.5% gelatin/1 x PBS. Thirty/zm frozen sections of whole-mounted embryos were taken up on uncoated glass slides and mounted in embedding solution.
Whole mount embryos were photographed through a Leica Wild M10 dissecting microscope and sections were photographed using a Leica photomicroscope with Nomarski optics. Kodak Ektachrome ASA 64 Tungsten film was used.
